Our work is concerned with the case of the solar molecule CN which presents conspicuous profiles of scattering polarization. We start by calculating accurate PES for the singlet and triplet electronic ground states in order to characterize the collisions between the CN molecule in its X 2 Σ state and the hydrogen in its ground state 2 S. The PES are included in the Schröodinger equation to obtain the scattering matrix and the probabilities of collisions. Depolarizing collisional rate coefficients are computed in the framework of the infinite order sudden approximation for temperatures ranging from T = 2000 K to T = 15000 K. Interpretation of the results and comparison between singlet and triplet collisional rate coefficients are detailed. We show that, for typical photospheric hydrogen density (n H = 10 15 − 10 16 cm −3 ), the X 2 Σ state of CN is partially or completely depolarized by isotropic collisions.
lines (e.g. Mohan Rao and Rangarajan 1999; Gandorfer 2000; Faurobert & Arnaud 2003; Berdyugina & Fluri 2004; Asensio Ramos & Trujillo Bueno 2005; Milić & Faurobert 2012) .
In particular, the CN molecule, which shows weak lines in the usual (unpolarized) solar spectrum, presents conspicuous peaks in the SSS (Shapiro et al. 2011) . The SSS is the observational signature of the polarization of the CN rotational levels which consists on population imbalances and quantum coherences among their Zeeman sub-levels.
In the solar photosphere, polarized CN levels undergo the effect of isotropic collisions between emitting or absorbing molecules and nearby hydrogen atoms. Since collisions are isotropic, they tend to partially or totally destroy the polarization of CN lines. In addition, the Hanle effect of a solar magnetic field results in a partial decrease of the polarization of the CN states. Thus, the depolarizing effects of the isotropic collisions and the Hanle effect are mixed in the same observable (the polarization state), which makes the interpretation of the observed polarization in terms of magnetic fields complicated because of the almost complete lack of collisional molecular depolarization rates. To derive magnetic fields from the interpretation of the SSS, it is fundamental to firstly determine the depolarizing collisional rate coefficients, and then to include these data in the formalism of the formation of the polarized lines.
Over more than 40 years, vigorous efforts were concerned with the calculation of the collisional ro-vibrational (de)excitation rates for interstellar molecules (e.g. Roueff & Lique 2013) . The majority of the works were dedicated to the modelling of the molecular line profiles. The effect of the collisional excitation on the molecular polarization profiles is usualy overlooked. The literature in argument, there are no calculations of depolarization rates for solar molecular lines by collisions with neutral hydrogen.
Our intention in this work is to provide new (de)polarization collisional rates for the CN molecule in its ground state X 2 Σ which is very important in the solar polarization studies.
Computations of collisional rates occur in two steps. The first step is the determination of potential energy surafces (PES) in order to characterize the interactions between the atom and the molecule. All the PES were obtained using the MOLPRO package (e.g. Werner et al. 2010) . The second step is the study of the dynamics of collisions by solving the Schröodinger equation. Dynamics calculations are made possible thanks to the MOLSCAT code (Hutson & Green 1994 ). The depolarization cross-sections have been computed within the infinite-order-sudden (IOS) approximation for first 40 rotational levels and for kinetic energies ranging from 400 to 20000 cm −1 . This allowed us to calculate depolarization rates of the state X 2 Σ of the CN for temperatures between 2000 and 15000 K.
POTENTIAL ENERGY SURFACES
In the present work, the coordinate system presented in Fig. 1 was used. The center of coordinates coincides with the center of mass of the CN molecule. Intermolecular vector R connects the centre of mass of CN molecule and H atom. Angle θ defines the rotation of the hydrogen atom arount the CN molecule. Thus, the mutual orientation and position of the H atom is described by the intermolecular separation, R, and by angle θ.
The CN molecule is assumed rigid with geometrical structure corresponding to the equilibrium: r = 2.2144 a 0 (e.g. Yang et al. 2016) .
When CN molecule in the ground electronic state 2 Σ + interacts with the hydrogen atom in 2 S ground electronic state the system can exist in two electronic states with total electronic spin S t = S CN + S H . Thus, we have to obtain the potential energy surfaces for the singlet ( 1 A) and triplet ( 3 A) states.
Ab initio calculations of the PES for the singlet and triplet electronic states of CN -H were carried out at multireference internally contracted configuration interaction (MRCI) (Wener 1988 ) level of theory. The size consistency was partially corrected using the Davidson (+Q) correction (Davidson 1977) , the rest was corrected by subtracting the energy at R=100 a 0 . The 1s core electrons of the Nitrogen and Carbon atoms were kept frozen. The active space consists of 10 electrons distributed in the 9 orbitals. The augmented correlationconsistent triple zeta (aVTZ) basis set (Dunning 1989 ) augmented by (3s, 2p, 1d) mid-bond functions (bf) (Williams et al. 1995) were used. The computations were performed using MOLPRO 2010 package (e.g. Werner et al. 2010) .
For the singlet electronic state the intermolecular distance was varied from 1 to 60 a 0 giving 45 grid points. For the triplet electronic state the R values were varied from 3.5
to 60 a 0 with total of 35 grid points. The angle theta was varied from 0 • to 180 • with a step of 5 • . Due to high anysotropy of the 1 A potential the 2D-spline was employed for the representation of both PESs at any set (R, θ). The resulting potential energy surfaces for the singlet and triplet electronic states are presented in Fig. 2 .
There are two minima on the PES for the singlet state corresponding to the formation of HCN and HNC molecules. The HCN arrangement corresponds to the minimal structure with θ = 0 • and R = 3.2 a 0 and has the well depth E = -45426 cm −1 . The HNC minimal structure corresponds to θ = 180 • and R =2.92 a 0 and has a well depth E=-40098 cm −1 .
The minimum for the triplet state occurs at R=7.6 a 0 , θ = 180 • and has an energy E=-42.40 cm −1 .
In Figure 3 , we respectively show 3-dimensional plots of singlet and triplet components of the potential energy for the CN-H system.
THEORETICAL BACKGROUND

Basis of irreducible tensorial operators
Physical interpretation of the solar polarization requires suitable description of the internal states of the emitting/absorbing molecules with the density matrix formalism expressed on the basis of irreducible tensorial operators (e.g. Sahal-Bréchot 1977; Trujillo Bueno 2002; Landi Degl'Innocenti & Landolfi 2004) . The CN states are described by the density matrix elements ρ k q (j) where j is the molecular angular momentum, k is the tensorial order (0 ≤ k ≤ 2j) anduantifies the coherence between the sublevels (−k ≤ q ≤ k). The circular polarization of the molecule is quantified by the density matrix elements with odd k ( j ρ k=1 q , j ρ k=3 q , etc.), while the linear polarization is quantified with the even ones: j ρ k=2 q , j ρ k=4 q , etc.
The intensity of the transition involving the j-level is given by the density matrix element j ρ k=0 q . In order to study the SSS, one has to calculate the density matrix elements with even tensorial orders k=0, 2, 4, etc. In addition, it is to be noticed that j ρ k=0 q is proportional to the j-level population.
In studies concerned with the analysis of only the intensity spectrum of the light, only the element j ρ k=0 q is the unknown to be determined and one needs solely the collisional rates with k = 0. These rates are similar to the usual collisional excitation rates which are typically calculated and included in the radiative transfer codes synthesising the ordinary intensity profiles. Rates with k ≥ 0 are needed for the cases of spectropolarimetric studies, i.e. where the goal is to synthesise not only the intensity profiles but also the polarization profiles. One needs to adopt a formalism treating the interaction between an open-shell systems which takes in consideration the cases where k > 0 corresponding to the effect of the collisions on the polarized light. Note that the isotropy of the velocity distribution of the hydrogen atoms implies that the polarization transfer rates are q-independent (e.g. -Bréchot 1977; Derouich et al. 2003; Derouich et al. 2007 ).
Sahal
Coupling scheme approach
We are interested in the electronic 2 Σ + state of the CN solar molecule. The CN levels can be described in the Hund's case (b) limit. The fine structure levels are labeled by N and j, where N is the rotational angular momentum and j the total molecular angular momentum given by j = N + S d where S d = 1/2 represents the spin of CN in its 2 Σ + state. Thus, j = N ± 1/2. CN molecule in the 2 Σ + state collides with hydrogen atom in its ground state 2 S. The spin of the hydrogen is S a = 1/2, thus the collision results in producing a singlet state 1 A with total spin S t = 0 and a triplet state 3 A with S t = 1. Corey & Alexander (1985) and Corey et al. (1986) have studied the general case concerned with cross-sections for collisions between open-shell systems; however they did not take into account the effects of the collisions on the molecular polarization. Corey & Alexander (1985) and Corey et al. (1986) found that in the expression of each cross-section contains the effect of different comopnents of the interaction potentials. For instance, the cross-section associated to a singlet state includes not only the singlet comopnent of the interaction potential but also the triplet component, in addition to an interference term arising from the open-shell nature of both colliding systems. Corey & Alexander (1985) and Corey et al. (1986) showed that, in the infinite-order-sudden (IOS) approximation, the excitation cross-sections can be written as a linear combination of IOS cross-sections (see also Goldflam et al. 1977) . Interestingly, in the expression of the IOS cross-section one has also to take into account the contribution of interaction potentials with different spin values.
We follow the formalism presented in Corey & Alexander (1985) and Corey et al. (1986) , and we apply it to obtain the expression of the polarization transfer and depolarization cross-sections σ k (N j → N j ) due to the isotropic collisions between the CN molecule with an open-shell perturber like the hydrogen. We adopt the IOS approximation which can be well justified especially for sufficiently high temperatures (see e.g. Lique et al. 2007 ).
In fact, as we are interested in the solar context, where the temperatures and the kinetic energies of collisions are high, one can expect that some simplification regarding the coupling effects should be invoked in order to obtain results with acceptable accuracy in resonable computing time. Let us notice also that this is the first work which is intentend to determine depolarization rates by collisions between a molecule in an open shell state and the hydrogen atom in its open shell ground state. Our approximate approach can be summarized by the following indications:
• We start by precisely calculating the interaction potentials associated to the singlet 1 A with total spin S t = 0 and the triplet state 3 A with S t = 1.
• Then, the Schrödinger equation describing the dynamics of collisions is solved for each potential to obtain the corresponding singlet and triplet IOS cross-sections σ(0 → L).
• In these conditions, for each value of the total spin, we assume that the depolarization cross-sections for a tensorial order k are given by the same expression established previousely in the case of an openshell molecule with a spinless atom. This assumption allows us to factorize the σ k (N j → N j ) into a product of terms involving the geometrical factors and coupling scheme effects and a term given as a linear combination of the IOS cross-sections σ(0 → L) (e.g. Corey & Smith 1985) :
The depolarization cross-sections are defined by (e.g. Derouich et al. 2003 
In order to obtain the total cross-section averaged over the spin one has:
The depolarization rates, D k (N j, T ), of the level (N j) due to elastic collisions and the polarization transfer rates, D k (N j → v N j , T ), between the levels N j and v N j are given by integration over Maxwellian distribution of relative kinetic energies (or relative velocities).
In addition,
which means that D 0 (N j) = 0 by definition. 
and in the case where k = 0, one finds (e.g. Derouich 2006): The contribution of the isotropic collisions to the statistical equilibrium equations is:
Statistical equilibrium equations
The quantities to be computed are the density matrix elements j ρ k q . D k (j, T ) and D k (j → j, T ) should be calculated independently to enter the statistical equilibrium equations. It is to be noticed that, in the solar physical conditions, the polarization transfer rates for vibrational relaxation are smaller than these for pure rotational relaxation by about three orders of magnitude. Therefore, it is convenient to neglect the effect of the transfer of polarization between different vibrational states.
RESULTS AND DISCUSSIONS
We separately feed the singlet and triplet parts of the potential into MOLSCAT code which determines the dynamics of the colliding system by solving the corresponding Schrödinger equation and returns the scattring matrix and cross-sections. To obtain the depolarization and transfer of polarization rates, we thermally average the resultant cross-sections over the kinetic energy distributions of the colliding partners for temperatures ranging from 2000 K to 15000 K using the relations (see e.g. Flower 2003),
where E is the kinetic energy of the incident atom with respect to the upper level and µ is the reduced mass of the colliding system. For this purpose, we consider collision energies ranging from 400 cm −1 to 20000 cm −1 . For energies larger than 20000 cm −1 , we extrapolate the cross-sections as their variation with energy becomes almost linear for sufficently large energies. We then calculate the singlet and triplet contibutions to the transfer of polarization and depolarization rates using Eqs. 1, 2 and 4. The results of our calculations are shown in Sections 4.1 and 4.2 below.
Transfer of polarization cross-sections and rates
In Figure 4 , we show the energy variation of the upward (upper panels) and downward (lower panels) transfer of polarization cross-sections for the rotational level N j = 5 5.5 . The contributions of the singlet and triplet parts of the potential are represented by the gray and black curves, respectively. We remark that the cross-sections decrease as k increases.
Further, the upward (excitation) and the downward (de-excitation) transfer cross-sections with the same |∆N | = |N − N | from a given level have a very similar behavior; however the upward transfer cross-sections are slightly larger than the downward ones. The difference between the two increases with increasing |∆N |. Furthermore, we notice that the size of the singlet and triplet contributions to the transfer of polarization cross-sections tends to alternate as |∆N | increases.
Let us now consider the thermal average of the transfer of polarization cross-sections, i.e. the rates of transfer of polarization, to study their dependence on temperature and angular Figure 4 . Variation of the upward (upper panels) and downward (lower panels) transfer of polarization cross-sections with energy for the rotational level N j = 5 5.5 . The singlet and triplet contributions are respectively shown by the gray and black curves for the population, k = 0 (diamonds), orientation, k = 1 (circles), and alignment, k = 2 (down-triangles).
momentum of the rotational levels under consideration. In Figure 5 , we show the rates of transfer of polarization as functions of temperature for the levels N j = 5 5.5 (upper panels) and N j = 10 10.5 (lower panels) in the temperature range T = 2000 − 15000 K. It is clear that in the temperature range considered, all rates monotonically increase with increasing temperature.
In Figure 6 , we show the dependence of the upward transfer of polarization rates on the angular momentum of the rotational levels considered, j, for various temperatures and ∆j = 1. The left panels show the singlet contribution, while the right panels show the triplet contribution. It can be seen that all rates increase as j increases. We note here that the behavior of the de-excitation (downward) transfer rates from a given level are similar to
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 Figure 5 . Variation of the singlet (gray curves) and triplet (black curves) contributions to the downward transfer of polarization rates with temperature for the population, k = 0 (diamonds), orientation, k = 1 (circles), and alignment, k = 2 (down-triangles), of the rotational levels N j = 5 5.5 (upper panels) and N j = 10 10.5 (lower panels).
the upward transfer rates from the same level albiet being a bit lower (see Figure 4 and the discussion relating to it above). contributions to the downward transfer of polarization rates for the level N j = 10 10.5 at temperature T = 6000 K. As expected, the rates decrease with increasing ∆j. Further, the excitation rates are expected to have behavior with |∆j| roughly similar to that of the downward rates. We note here that the singlet and triplet contributions to the transfer of polarization rates are not very different from each other. Triplet, k=2, Δj=1 Figure 6 . Variation of the upward (∆j = 1) transfer of polarization rates with j for the singlet (left panels) and triplet (right panels) parts of the potential. ] N j =10 10.5 Figure 8 . Variation with energy of the depolarization cross-sections of the orientation, k = 1 (diamonds), and alignment, k = 2 (down-triangles), for the rotational levels N j = 5 5.5 (left panel) and N j = 10 10.5 (right panel). The singlet and triplet contributions are respectively represented by the gray and black curves.
Depolarization cross-sections and rates
Let us now turn our attention to the depolarization rates which quantify the destruction of the atomic polarization of a particular level due to purely elastic collisions, i.e. collisions happening inside a given rotational level. Figure 8 shows the depolarization cross-sections for the orientation, k = 1 (diamonds), and the allignment, k = 2 (down-triangles), of the levels N j = 5 5.5 (left panel) and N j = 10 10.5 (right panel). One can remark that the crosssections for the destruction of linear polarization, σ k=2 (j), is roughly twice as large as that for circular polarization σ k=1 (j). We next show the dependence of the depolarization rates on temperature in Figure 9 for the levels N j = 5 5.5 (left panel) and N j = 10 10.5 (right panel).
As expected, all the rates increase as the temperature increases.
In Figure 10 , we show the variation of the depolarization rates with the angular momentum, j, of the levels under consideration for various temperatures. The gray curves represent the singlet contribution, while black curves represent the triplet contribution. Unlike the transfer of polarization rates, the depolarization rates decrease with increasing j. Moreover, the linear depolarization rates are roughly twice as high as the circular depolarization rates.
It is interesting to note here that the contribution of the triplet component of the potential Figure 11 . Ratio of the total cross-sections calculated with the perturbed potential to those calculated with the unperturbed potential for collision energy E = 4000 cm −1 (solid gray lines) and E = 10000 cm −1 (dashed black lines).
to the depolarization rates is larger than that of the singlet component for small j whereas for levels with large j values the singlet contribution is a bit larger than the triplet contribution. It is also interesting to remark that the depolarization rates for different temperatures converge as j increases.
In Table 1 , we present fits of the singlet and triplet contribution to the destruction of circular (k = 1) and linear (k = 2) polarization rates for various temperatures. These variation laws give results with precision better than 10% up to j = 40.5. Our results could be implemented in numerical codes concerned with the simulations of the scattering polarization to obtain accurately the magnetic field in the quiet Sun. We note here that both the singlet and triplet contributions to the depolarization rates exhibit a very mild oscillatory behavior on top of their decreasing behavior with increasing j. However, as shown in Table 1 , the behavior of all the singlet and some of the triplet depolarization rates can be described by simple power laws within the intended accuracy.
Comparsion between the singlet and triplet contributions
From the above results, one can see that the contributions of the singlet and triplet components of the potential to the depolarization and transfer of polarization cross-sections are not very different from each other despite the vast difference between the singlet and triplet interaction potentials. To investigate this point, we begin by identifying the radial range to which cross-sections are most sensitive for each of the two potential components. To do so, we add an isotropic local perturbation to the interaction potential V (R, θ), and thus V (R, θ) is multiplied by a Gaussian magnification factor of the form 1
where R 0 refers to the center of the Gaussian perturbation. We vary R 0 to scan the entire integration range. We find that the total cross-sections calculated with the perturbed potential components differ significantly from those calculated with the unperturbed potential only when 5 R 0 11 for the singlet component and 2 R 0 14 for the triplet component (see Figure 11 ). As it can be seen from Figure 11 , these ranges slightly shift to smaller radial distances as the energy of collision increases. We note here that for the triplet part of the potential, the radial range where the potential is sensitive to perturbations, is wider compared to that for the singlet component (see Figure 11 ). By carefully examining the cross-sections calculated with the perturbed and with unperturbed potentials, we find that for the singlet case (the potential component that has a very deep well), the contributions to the cross-sections do not come from the bottom of the well but rather from the part of its far side where the potential starts curving down. This part of the potential is usually called "intermediate region", since neither close-range distances nor long-range distances are contained in this region. Interestingly, in the intermediate region of the singlet part of the potential, the difference between the two potential components is not as severe as the difference between the well depth of the two potential components.
Let us expand the potential in the basis of Legendre polynomials,
where and separately study the effect of each term on the collision process while ignoring the interference between different potential terms. In Equations 10 and 11, i = S, T refers to the singlet and triplet components respectively. Figures 12 shows the radial dependence of the first seven coefficients of the potential expansion in terms of Legendre functions for the singlet (left panel) and triplet (right panel) parts. As can be seen, the depths of the potential wells drastically decrease with increasing λ. Further the difference between the Legendre coefficients of the singlet and triplet potential components drastically decreases as λ increases.
Separately feeding the different potential terms V (i) λ (R, θ) to MOLSCAT while fixing the energy of collisions to E = 5000 cm −1 , we obtain the cross-sections σ(0 → L), which we show in Table 2. It can be seen from Table 2 that , (λ = 1, 2, · · ·, 6), of the singlet (solid gray lines) and triplet (dashed black lines) components of the potential to the transfer of polarization cross-sections for the level N j = 10 10.5 and k = 2. the σ(0 → L = 0) channel decreases as the difference between the two potential components decreases with increasing λ. We also note that for the channels with L > 0, the cross-sections σ(0 → L) are almost generally much smaller than the corresponding σ(0 → L = 0). Moreover, for a given V (S,T ) λ term, the cross-sections are relatively large when L = mλ with m being an integer. These cross-sections tend to decrease as L increases. Furthermore, the difference between the singlet and triplet cross-sections for a given λ tends to decease as L increases. Now since σ(0 → L = 0) does not contribute to depolarization nor transfer of polarization cross-sections, only the σ(0 → L > 0) arising from the less-different Legendre terms V (S) λ>0
and V (T ) λ>0 contribute to the depolarization and transfer of polarization cross-sections. This explains why the singlet and triplet depolarization and transfer of polarization rates are not very different from each other despite the vast difference between the singlet and triplet components of the potential. Figure 13 compares the contributions to the tranfer of polarization for the level N j = 10 10.5 from the first six Legendre terms of the singlet potential terms, V (S) λ , (λ = 1, 2, · · ·, 6), to the corresponding triplet ones, V (T ) λ , (λ = 1, 2, · · ·, 6), as functions of ∆j = j − j and for the collison energy, E = 5000 cm −1 2 . It can be concluded that the singlet and triplet contributions are not very different from each other.
SOLAR IMPLICATIONS
Let us now briefly consider the implication of our results for the solar CN molecule. To estimate the effect of isotropic collisions, we compare the collisional depolarization rates D 2 of the CN ground state (X 2 Σ), for typical photospheric Hydrogen density (n H = 10 15 − 10 16 cm −3 ), to the inverse lifetime (= 1 t lif e ) of the lower levels of some representative lines. We show that the rates D 2 dominate the radiative rates for n H = 10 16 cm −3 and thus all rotational levels of the lower electronic state X 2 Σ are linearly depolarized. We notice that 1 t lif e =B u I(λ), where B u = (g u /g )(c 2 /2hν 3 u )A u denotes the Einstein coefficient for absorption; A u is the transition probability per unit time for spontaneous emission, g u and g are the statistical weights of upper and lower levels, h is the Planck's constant and c is the velocity of light.
2 Here we do not show the contribution of the isotropic Legendre terms V (S,T ) 0
as they are identically zero. Table 3 . Comparison between the linear depolarization rates D 2 of the CN X 2 Σ state to its inverse lifetime 1 t lif e =B u I(λ). We also compare the B u I(λ) with the values (ω L |g j |) -1 which estimate the Hanle depolarization.
λ (Å)
I min Ic (10 -5 erg cm -2 A u B u I(λ) ω L |g j | (10 3 s -1 ) j D k=2 (j) (s -1 ) s -1 sr -1 Hz -1 ) (10 6 s -1 ) (s -1 ) B = 10G B = 100G n H = 10 15 cm -3 n H = 10 16 cm -3 clear that ω L |g j | B u I in all cases. Therefore, for typical values of the turbulent magnetic field ∼ 10 − 100 G, Hanle effect is not efficient for the CN ground sate, CN X 2 Σ. CN X 2 Σ is sensitive to the Hanle effect of very weak magnetic field strength since it is a long lived level and thus the saturation regime of the Hanle effect on its linear polarization is quickly attempted.
CONCLUSION
The so-called second solar spectrum (SSS) of the CN molecule is the observational signature of the polarization of the CN states (see, e.g., Trujillo Bueno et al. 2004 , Landi Degl'Innocenti & Landolfi 2004 . Molecular lines arising from transitions between rotational levels can be depolarized by collisions but also by the Hanle effect due to the presence of solar magnetic fields. Therefore, information about Hanle and collisional effects are mixed in the same observable (the polarization state), which makes the interpretation of the observed polarization in terms of magnetic fields very complicated in the absence of collisional data.
In this paper we provide depolarization and polarization transfer rates of the X 2 Σ state of the CN due to collisions with neutral hydrogen in its ground state 2 S. These rates would be useful to interpret CN violet lines in the second solar spectrum in terms of solar magnetic field (Shapiro et al. 2011) . A detailed discussion of the results is presented we obtain useful variation laws of the polarization transfer rates with the temperature and the angular momentum j. Solar implications of our results are discussed. 18-05-00119.
